Stability of Self-Assembled Polymeric Micelles in Serum by Lu, Jiao et al.
Published: July 08, 2011
r2011 American Chemical Society 6002 dx.doi.org/10.1021/ma200675w|Macromolecules 2011, 44, 6002–6008
ARTICLE
pubs.acs.org/Macromolecules
Stability of Self-Assembled Polymeric Micelles in Serum
Jiao Lu,
† Shawn C. Owen,
‡,§ and Molly S. Shoichet*
,†,‡,§
†Department of Chemistry,
‡Department of Chemical Engineering and Applied Chemistry, and
§Institute of Biomaterials and
Biomedical Engineering The Donnelly Centre, University of Toronto, Room 514, 160 College Street, Toronto, ON M5S 3E1, Canada
b S Supporting Information
’INTRODUCTION
Polymeric nanoparticles have gained popularity as vehicles for
drugdelivery.
1 7Suchdrugdeliverysystemsovercometheproblem
of limited aqueous solubility of many hydrophobic drug molecules,
and also have the potential to improve their pharmacologic proper-
ties by increasing their in vivo half-life. In order for these nanopar-
ticles to be eﬀective drug delivery carriers, they must remain intact
and circulate in the blood for a suﬃciently long period of time after
intravenous injection to accumulate at the target site.
The circulation time of nanoparticles in vivo is inﬂuenced by
many factors, including size, size distribution, and surface
charge,
8 which in turn inﬂuence the degree of interaction with
serumproteins.Proteinadsorption isakeyfactorinnanoparticle
fate, leading to opsonization and subsequent phagocytosis by
macrophages of the reticuloendothelial system (RES) in circula-
tionorintissuessuchastheliverandspleen.
9,10Moreover,serum
protein adsorption may induce premature release of drugs from
nanoparticles due to a partitioning eﬀect before they reach their
target sites.
3
Despite numerous publications on polymeric nanoparticle
syntheses for drug delivery, few publications address their
stability in serum or in the presence of serum proteins, which
is critical to their performance in vivo. Lo et al.
11 and Li et al.
12
found that their micelles were stable in size when immersed in
solutions containing albumin. However, albumin does not
represent the full complement of proteins in blood, and these
results do not adequately represent the stability in circulation.
Savic et al.
13 assessed the stability of their polymeric micelles by
covalentlyattachingaﬂuorogenicdyetothecore-formingpartof
the block copolymer and then using ﬂuorescence detection as a
measure of micelle instability. The percentage of disrupted
micelles was calculated from the ratio of the ﬂuorescence
measured at the end of each time point to the maximum
detectable ﬂuorescence (achieved by incubation with NaOH).
This innovative method to study the integrity of micelles
demonstrated that these poly(caprolactone-b-ethylene oxide)
micelles were unstable in serum and required that the core-
formingpolymerblockbecovalentlymodiﬁedwithaﬂuorogenic
dye, which inevitably impacted micelle stability.
Recently, two groups
14 16 used F€ orster resonance energy
transfer (FRET) based methods to study the stability of their
polymeric micelles. A FRET pair, utilizing 3,30-dioctadecylox-
acarbocyanine perchlorate (DiO) as the donor and 1,10-diocta-
decyl-3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI)
as the acceptor, was used to assess the stability of micelles in
the presence of serum proteins. When both FRET molecules
were encapsulated inside one micelle, and excited at the appro-
priate wavelength, energy transfer occurred due to the close
proximity between the dyes: excitation at 484 nm (donor
excitation) resulted in a very strong emission at 565 nm
(acceptor emission). When micelles disassembled, the FRET
molecules were released and diﬀused apart, eliminating the
energy transfer. As such, a shift of emission peak from 565 to
501 nm was observed. FRET experiments also allowed the
kinetic stability of micelles to be studied by monitoring the
dynamics of encapsulated molecule exchange between two
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ABSTRACT:Thestabilityofpolymericnanoparticlesinserum
is critical to their use in drug delivery where dilution after
intravenous injection often results in nanoparticle disassembly
anddrugunloading;however,fewinvestigatethisinbiologically
relevant media. To gain greater insight into nanoparticle
stability in blood, the stability of self-assembled polymeric
micelles of poly(D,L-lactide-co-2-methyl-2-carboxytrimethylene
carbonate)-g-poly(ethylene glycol), P(LA-co-TMCC)-g-PEG,
were tested in both serum and individual serum protein
solutions. By encapsulating F€ orster resonance energy transfer
pairs and following their release by ﬂuorescence, these micelles demonstrated excellent thermodynamic and kinetic stability in the
presence of serum. Further analyses by fast protein liquid chromatography and dynamic light scattering conﬁrmed these data.
Moreover, these micelles are compatible with red blood cells, as shown by a hemolysis assay. The stability and compatibility
demonstrated in blood suggest that these micelles may be stable in vivo, which is critical for intravenous drug delivery applications.
This comprehensive approach to understanding micelle stability and compatibility is broadly applicable.6003 dx.doi.org/10.1021/ma200675w |Macromolecules 2011, 44, 6002–6008
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micelle populations. Thermodynamic stability refers to the
potential of micelles to disassemble, while kinetic stability refers
tothe rate atwhichthe micelles disassemble oncethe copolymer
concentration falls below the critical micelle concentration.
17
Therateofdisassemblyisinﬂuencedbymanyofthesamefactors
whichaﬀecttherateofunimerexchangebetweenmicelles.
18The
kineticstabilityrevealswhetherencapsulatedmoleculeswill“leak
out” from the micelles over time in biological systems.
In this study, we investigated the thermodynamic and kinetic
stabilityofmicellesself-assembledfromtheamphiphiliccopolymer
poly(D,L-lactide-co-2-methyl-2-carboxytrimethylene carbonate)-
g-poly(ethylene glycol), P(LA-co-TMCC)-g-PEG
19 (Scheme 1),
combining, for the ﬁrst time, F€ orster resonance energy transfer
(FRET), fast protein liquid chromatography (FPLC), and dy-
namiclightscattering(DLS)methods.Wefocusedonthestability
of these micelles in the presence of complete serum, as well as
individual serum proteins, to gain greater insight into the destabi-
lizing eﬀect of serum proteins.
’EXPERIMENTAL SECTION
Materials and Instruments. R- and β-predominant globulins, γ-
globulins, bovine serum albumin (BSA), and dibasic sodium phosphate
were purchased from Sigma-Aldrich (St. Louis, MO). 1,10-Dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI), 3,30-dioctade-
cyloxacarbocyanine perchlorate (DiO), and fetal bovine serum (FBS,
no. 12483 020) were purchased from Invitrogen (Carlsbad, CA).
Monobasic sodium phosphate was purchased from Bioshop
(Burlington, ON). Phosphate buffer (PB, 100 mM, pH 7.4) was
prepared by dissolving monobasic sodium phosphate (NaH2PO4,
5.3 g) and dibasic sodium phosphate (Na2HPO4.7H2O, 43.5 g) in 2 L
of ddH2O. Phosphate buffer saline (PBS, 1 , pH 7.4) was prepared
directly from PBS tablets (Sigma, St. Louis, MO). All the proteins were
dissolved in PBS before mixing with micelles. Red blood cells (RBCs)
were obtained from a human donor. The amphiphilic copolymer,
poly(D,L-lactide-co-2-methyl-2-carboxytrimethylene carbonate)-g-poly-
(ethylene glycol), P(LA-co-TMCC)-g-PEG, was synthesized as pre-
viously described to have P(LA-co-TMCC) with a Mn of 12 kg/mol
and a PDI = 1.34 and PEG with a Mn of 10 kg/mol and PDI = 1.03.
19
Fluorescence Spectroscopy. The time-resolved fluorescence
spectra of FRET pairs were measured on a Fluoromax 3 spectro-
fluorometer (Jobin Yvon, Edison, NJ) at an excitation wavelength of
484nm,withslitwidthsof2nm,integrationtimeof0.1sandincrement
of 0.5 nm. Emission spectra were collected from 490 to 700 nm.
Fast Protein Liquid Chromatography (FPLC). Micelles and
BSA were run through a Superdex 200 gel filtration column with a flow
rate of 1 mL/min and using 1  PBS (pH 7.4) as the mobile phase.
The elution peak areas were obtained using software UNICORN
version 4.12.
Dynamic Light Scattering (DLS). Micelle size was measured on
a Malvern Zetasizer Nano ZS, which is equipped with a 4 mW, 633 nm
laser. During the measurement, samples were held in polystyrene
cuvettes (K€ uvetten, Germany). The autocorrelation functions of the
scattered intensitywere analyzedbymeans ofcumulantmethodto yield
theeffectivediffusioncoefficientasafunctionofthescatteringangle.
20,21
Allsampleshadaconcentrationof∼1mg/mLandwerefilteredthrough
NY-0.45 μm filter (Progene, QC, Canada) before measurement, except
the ones collected from FPLC.
Methods. FRET Molecules Encapsulation. P(LA-co-TMCC)-g-
PEG (12k, 10k, 10% TMCC) (4 mg), DiI (40 μg), and DiO (40 μg)
were dissolved in 1 mL of dimethylformamide (DMF). Borate buffer
(50 μL, 500 mM, pH 9) and distilled water (0.5 mL) were added to the
polymer solution. The solution mixture was dialyzed (MWCO 2 KDa)
against distilled water for 24 h. Water was changed every 2 h for the first
8 h. The micelle solution was filtered through a microfilter (0.45 μm)
before size measurement.
DiOorDiIEncapsulationforKineticStudy.P(LA-co-TMCC)-g-PEG
(12k, 10k, 10% TMCC) (4 mg), DiI (80 μg) or DiO (80 μg) were
dissolved in 1 mL of DMF. Borate buffer (50 μL, 500 mM, pH 9) and
distilled water (0.5 mL) were added to the polymer solution. The
solutionmixturewasdialyzed(MWCO2KDa)againstdistilledwaterfor
24 h. Water was changed every 2 h for the first 8 h. The micelle solution
was filtered through a microfilter (0.45 μm) before the kinetic study
experiment.
Incubating FRET-Micelles with FBS. FRET-micelles with a final
concentration of 100 μg/mL were incubated with FBS at 37 C with
gentle agitation. The volume ratio of micelle solution to 100% FBS was
1:9. Time-resolved spectra were measured over 48 h with an excitation
wavelength at 484 nm.
Estimation of the Half-Life of Micelles in Serum from a Standard
Curve. Freshly prepared FRET-micelles were incubated with 100% FBS at
37 C for 48 h with gentle agitation, assuming that all the micelles were
disassembled. These disassembled micelles were mixed with freshly pre-
pared, intact FRET micelles at various concentration ratios. The emission
spectra were measured immediately and FRET ratios were calculated.
Kinetic Study of Dye-Encapsulated Micelles. Micelle solutions con-
tainingeither2wt%DiOor2wt%ofDiIwerepreparedseparately,each
having a final micelle concentration of 100 μg/mL. The two micelle
solutionsweremixedtogetherinPBSwithavolumeratioofDiO-micelle
Scheme 1. FRETMolecules(O)DiIand(b)DiOEncapsulatedInsideSelf-AssembledPolymericMicellesofP(LA-co-TMCC)-g-
PEG6004 dx.doi.org/10.1021/ma200675w |Macromolecules 2011, 44, 6002–6008
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to DiI-micelle to PBS of 1:1:8 and incubated at 37 C with gentle
agitation for 48 h, during which emission spectra are measured.
Determination of the Final Polymer Concentration after Dialysis.
The initial amount of polymer prior to dialysis was known. Given that
the dialysis membrane has a molecular weight cutoff of 2 kDa, the
polymer molar mass is 22 kDa, and the micelles are even larger, we
assumed 100% polymer micelle recovery after dialysis. The recovered,
empty micelles were diluted to a series of concentrations to create a
calibration curve of concentration versus polymer absorbance (at
235 nm). Approximately 20% of empty micelles were lost after filtration
through a 0.45 μm filter based on the standard curve, and this was taken
into account when determining concentration. All subsequent test
sample concentrations were fit within the calibration curve.
Hemolysis Assay. The protocol was adopted from Hoffman’s stan-
dard procedure for hemolysis assay.
22 Blood samples were collected
fromahumandonorin4mLvacutainerscoatedwithEDTA.Serum(the
top layer) was removed by centrifugation at 1500 rpm for 10 min. The
whole blood was washed with 150 mM NaCl, again centrifuged and
the top layer removed (repeated three times). After removing NaCl, the
volume was increased to the original sample volume with 100 mM
phosphatebuffer(PB)atpH7.4.Theredbloodcell(RBC)solutionwas
diluted 1 to 10 with PB at pH 7.4 to give a RBC suspension of ∼5 x10
8
RBC/mL and used immediately for the hemolysis assay.
Micelles were self-assembled from P(LA-co-TMCC)-g-PEG as de-
scribedabove,andthendialyzedagainstPB(100mM,pH7.4).Theﬁnal
micellesolutionhadapolymerconcentrationof1.3mg/mL.Themicelle
solutionwasdilutedwithPBtoatotalvolumeof800μLandmixedwith
200 μL RBC solution to achieve ﬁnal polymer concentrations of 1000,
800, 500, 250, 130, 65, and 33 ug/mL. Each mixture was incubated at
37 C for 1 h and mixed by inversion after 30 min. After incubation, the
solutionmixturewascentrifugedat5000rpmfor5min.Thesupernatant
wascollectedandabsorbanceoflysed,oxygensaturatedhemoglobinwas
measured at 541 nm. The controls included incubating RBCs with
800μLofPBonlyorwith800μLof0.5mg/mLdextran(60kDa)toensure
that the presence of a polymeric material did not aﬀect the integrity of
the RBC membranes. The positive controls included incubating RBCs
with deionized water (800 μL) or Triton X-100 1% (w/v) (800 μL)
which is known to rupture RBC membranes. The hemolytic percentage
was calculated according to the equation below:
% hemolysis ¼
AbsðsampleÞ Absðblank PBÞ
highest absorbance for positive control
  100%
’RESULTS AND DISCUSSION
Stability Study of Micelles in Complete Serum and Indi-
vidual Serum Proteins. FRET molecules DiO and DiI, 1 wt %
each, were encapsulated in micelles during their self-assembly by
a dialysis method (described above). When the DiO/DiI en-
capsulated micelle (FRET-micelle) solution was diluted with an
excess volume of water, the FRET fluorescence peak was un-
changed (Figure S1a, Supporting Information); however, when
theidenticalFRET-micellesolutionwasdilutedwithanexcessof
acetone, a dramatic peak shift was observed from 565to 501 nm,
suggesting the escape of FRET molecules (Figure S1b, Support-
ing Information). The size of FRET-micelles, measured by DLS,
had an average hydrodynamic diameter of 80 nm (Figure S2,
Supporting Information).
The stability of FRET-micelles was ﬁrst investigated in the
presence of fetal bovine serum (FBS). An increase in the
ﬂuorescence intensity at 501 nm and a decrease at 565 nm was
observed over time (Figure 1a), which suggested that FRET
molecules were slowly released from the micelles when
Figure1. FluorescencemeasurementofFRETpairs(DiIandDiO)encapsulatedinP(LA-co-TMCC)-g-PEGmicelles:(a)time-resolvedspectraofFRET
micelles in 100% fetal bovine serum; (b) R-, β-globulins solution (15 mg/mL); (c) γ-globulins solution (15 mg/mL); (d) BSA solution (45 mg/mL).6005 dx.doi.org/10.1021/ma200675w |Macromolecules 2011, 44, 6002–6008
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incubated with serum. The major proteins present in serum are
R-, β-, and γ-globulins and albumin. Globulins account for
approximately 18% of the total proteins in serum while albumin
accounts for approximately 60%.
23 A previous study by Chen
et al.
14 found that R-, β-globulins were the prime factors
responsible for the release of hydrophobic molecules from poly-
(ethylene glycol)-block-poly(D,L-lactide) polymeric micelles,
while other blood components, such as γ-globulins, albumin,
and red blood cells played minor roles. Therefore, globulins (R-,
β-, γ-) and albumin were studied here due to their abundant
presence in plasma and their potential to destabilize micelles.
A solution of R-, β-, or γ-globulin (15 mg/mL), which was
similar to the concentration found in plasma,
23 was prepared
fresh and mixed with FRET-micelles to give a ﬁnal micelle
polymer concentration of 100 μg/mL. The role of albumin was
investigated similarly where BSA, at a concentration of 45 mg/
mL, was incubated with FRET-micelles. The time-resolved
emission spectra were measured as shown in Figure 1b d (see
Supporting Information, Figure S3, for background controls). In
contrast to whole serum, only a slight peak shift from 565 to
501 nm was observed when micelles were incubated with the
individual major serum proteins. Thus, the destabilization ob-
servedinwholeserummayhavearisenfromthecumulativeeﬀect
ofallofthemajorserumproteins,aswellasminorserumproteins
that were not tested individually.
The FRET ratio, I565/(I565 + I501), was calculated to monitor
the relative peak shift between I501 (the emission of DiO at
501nm)andI565(theemissionofDiIat565nm).Formicellesin
serum, a decrease in the FRET ratio from 1 to 0.65 was observed
over 48 h (Figure 2a). After 31 h, the FRET ratio reached a
plateau. The half-life of micelles in serum was estimated using a
standard curve that correlates the FRET ratio to the percentage
of disassembled micelles (Figure 2b). After incubating FRET
micelles with 100% serum for 48 h, we assumed that all of the
micelles disassembled because the FRET ratioreached a plateau.
To substantiate this assumption, an equal concentration of each
of the DiI and DiO FRET pair were dissolved directly in FBS,
without micelles. The calculated FRET ratio was approximately
0.55 regardless of the dye concentration (Figure S5, Supporting
Information), which is similar to the ratio of FRET-micelles in
FBSat48h(whichwasthennormalizedto0.65)andassumedto
represent completely disassembled micelles. When half of the
micelles were disassembled, the estimated FRET ratio was 0.86,
whichcorrespondedto∼8hinFigure2a.First-orderkineticscan
beassumedwhenthereactionratedependsontheconcentration
of only one reactor. For example, if the micelle concentration is
held constant, the disassembly of micelles only depends on the
serum protein concentration. A nonlinear ﬁt (eq 1) of the FRET
ratio was generated by the method of least-squares and the rate
constant (K) obtained was 0.079 h
 1 (eq 2). The corresponding
half-lifeofmicelles incompleteserumfromthis ﬁtwasestimated
to be 8.8 h.
ð1565Þ
ð1565 þ 1501Þ

ðtÞ
¼
ð1565Þ
ð1565 þ 1501Þ

ð0Þ
e Kt ð1Þ
t1=2 ¼
ln 2
K
ð2Þ
When micelles were incubated with each protein, a small
decrease in the FRET ratio was also observed, but not as
signiﬁcant as whole serum. For example, the FRET ratio
decreased to 0.86 for R-, β-globulin, 0.92 for γ-globulin, and
0.91forBSAatthe48htimepoint(Figure2a).Theaboveresults
imply that few FRET molecules leak out of the micelles while
incubated with individual globulins or albumin over 48 h. Each
major protein contributed similarly to micelle destabilization at
the 48 h time point: there was no signiﬁcant diﬀerence in the
FRET ratios of each protein (one-way ANOVA, p > 0.05).
However, the FRET data of each individual protein solution
were signiﬁcantly diﬀerent at 48 h from that of both the PBS
control(p<0.05)andtheserumsample(p<0.001),likelydueto
the combined eﬀect of all serum proteins.
The impact of protein concentration on micelle stability was
investigated with a series of BSA concentrations where FRET-
micelleswithaﬁnalconcentrationof100μg/mLwereincubated
with BSA at various concentrations at 37 C over 48 h. The
FRET ratio was calculated at each time point and compared to
serum as shown in Figures 3 and S6 (Supporting Information).
TheFRETratioat48hdecreasedfrom0.97to0.91to0.86asthe
BSA concentration increased from 15 to 45 to 90 mg/mL,
indicating that the release rate of FRET molecules increased
signiﬁcantly with protein concentration (p < 0.01).
To study the integrity of micelles in the presence of proteins,
micelles were incubated with BSA solution at a 1:1 volume ratio at
37 C for 0, 6, 24, and 48 h. The ﬁnal micelle concentration in the
solutionmixturewas 1 mg/mLandtheﬁnal concentrationof BSA
Figure 2. (a) Stability of FRET-micelles in the presence of FBS is
compared to PBS (control) and each ofthe majorserum proteins. Time
traces of the FRET ratio, I565/(I565 +I 501), normalized to time 0, in
solutions of (b) PBS at pH 7.4, (9) R-, β-globulins at 15 mg/mL, (2)
γ-globulins at 15 mg/mL, ( ) BSA at 45 mg/mL, and (() 100% FBS
(n = 3 independent experiments, mean ( standard deviation plotted).
(b) Standardcurve correlates FRET ratio to percentage ofdisassembled
micelles. It is assumed that all FRET-micelles are completely disas-
sembled after incubating with 100% FBS for 48 h (n = 3 independent
experiments, mean ( standard deviation plotted).6006 dx.doi.org/10.1021/ma200675w |Macromolecules 2011, 44, 6002–6008
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was 45 mg/mL. Here higher micelle concentration was used
compare to previous experiments. This is because that at the end
of each incubation time, micelles were separated from BSA by
FPLC, which inherently resulted in signiﬁcant sample dilution. If
the starting micelle concentration was too low, then it would fall
below the detection limit of the UV/vis detector. The micelle and
BSA peaks were completely resolved, as shown in Figure S7
(Supporting Information). The peak area ratio between micelle
and BSA was calculated and normalized to time 0 (Figure 4a and
supplemental Table 1 in the Supporting Information). After 48 h,
approximately 80% of the micelles were recovered from the
column, suggesting that approximately 20% of the micelles lost
their integrity while incubating with BSA. Only this major serum
protein was investigated because micelles could not be separated
eﬃciently from all of the serum proteins using this methodology.
The FPLC data showing 80% recovery of micelles after 48 h of
incubation in BSA was consistent with the FRET data where the
decreaseinFRETratioto0.91correspondedtoapproximately75%
of intactmicelles (Figure 2b).Notwithstandingthat moremicelles
willdisassembleinthepresenceofcompleteserum,therecoveryof
a large majority of the micelles after incubation in albumin
demonstrated the stability of these micelles and their potential to
be used for intravenous administration as drug delivery vehicles.
The hydrodynamic diameters of the micelles recovered from
theFPLCweremeasuredbyDLSandcomparedtothosepriorto
incubation in BSA (Figure 4b and supplemental Table 2 in the
Supporting Information). To provide some perspective to the
DLS measurements, micelles were purposefully destroyed in the
presence Triton X-100 where the DLS distribution is markedly
diﬀerent than that observed for intact micelles (Figure S4,
Supporting Information). There was only minimal change in
bothmicellediameteranddistribution(PDI)beforeandafterthe
BSA incubation, suggesting that albumin adsorption is minimal.
The isoelectric point (pI) is 4.8 for BSA,
24 5.3 for β-globulin,
25
and 6.5 for γ-globulin,
25 indicating that these proteins are all
negatively charged at physiological pH. Since the self-assembled
micelles had a slightly negative zeta potential ( 15 mV)
19 at pH
7.4, protein adsorption to the micelle surface may be limited by
charge repulsion. By minimizing protein adsorption, these mi-
celles may be well-suited for intravenous administration and
targeted delivery strategies. Since opsonization and uptake by
macrophages of the reticuloendothelial system result in reduced
circulation time in blood, reduced protein adsorption to our
micelles may result in increased circulation. However, we
acknowledge that the opsonization of negatively charged species
and their clearance by immune cells are also common and thus a
full in vivo circulation time will be required in the future.
Thekinetic stabilityofthemicelleswasstudied toevaluatethe
potential release of encapsulated drug molecules upon interac-
tionwithbloodproteins.Thehypothesiswasthatifmicelleshave
poor kinetic stability, the FRET molecules would exchange
between the two micelle populations. As the FRET molecules
mixed inside a single micelle, the ﬂuorescence transfer could
occur and the corresponding change in ﬂuorescence spectra
would be detected. This experiment was performed in PBS
instead of serum to prevent the released dyes from partitioning
into the serum proteins instead of another micelle.
Interestingly, no signiﬁcant peak shift was observed, suggest-
ing the dye exchange rate was extremely slow between micelles
containing either DiO or DiI (Figure 5). The FRET ratio only
increasedby6%,from1.00to1.06over48h,whichissimilartoa
change obtained from a highly cross-linked nanogels,
16 suggest-
ing kinetically stable micelles. Given the low exchange between
P(LA-co-TMCC)-g-PEG micelles and their low critical micelle
concentration of 12 mg/L,
19 cross-linking is likely unnecessary
for further stabilization.
Hemolytic Properties of the P(LA-co-TMCC)-g-PEG Mi-
celles. The P(LA-co-TMCC)-g-PEG micelles were incubated
with human red blood cells (RBCs) to evaluate hemolysis.
Cytotoxic materials result in lysis of RBCs and the release of
Figure4. (a)MicelleswereincubatedwithBSAat45mg/mLfor0,6,24,and48h,andthenseparatedbyFPLConaSuperdex200column.Theelution
peakat42mLisfrommicelles,whiletheelutionpeaksat61and71mLarefromBSA.(b)SizeofmicellesrecoveredfromFPLCafter0,6,24,and48hof
incubation in BSA was determined by DLS measurements and compared to the original micelle size prior to incubation. Both size and size distribution
were unchanged before and after protein incubation (see supplemental Table 2, Supporting Information).
Figure 3. The stability of FRET-micelle is compared to bovine serum
albumin at various protein concentrations. Time traces of the FRET
ratio normalized to time 0 in solutions of (Δ) 15 mg/mL BSA, ( )
45 mg/mL BSA, (0) 90 mg/mL BSA, and (() 100% FBS (n =3
independent experiments, mean ( standard deviation are plotted).6007 dx.doi.org/10.1021/ma200675w |Macromolecules 2011, 44, 6002–6008
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heme into solution, which is detected by absorbance at 541 nm.
The percentage of hemolysis (relative to pure water, which
showed 100% hemolysis) was approximately 0% when RBCs
were incubated with micelle solutions having polymer concen-
trations between 0 and 1 mg/mL (Figure S8, Supporting
Information), concentrations that significantly exceeded what
we would expect in vivo. These data demonstrated that these
polymers were cytocompatible and not hemolytic.
’CONCLUSIONS
Using a series of complementary techniques, we gained a
thorough understanding of the thermodynamic stability of self-
assembled polymeric micelles in biologically relevant solutions of
both complete serum and the major serum proteins. They also
demonstrated kinetic stability when incubated with PBS. The
micelles of P(LA-co-TMCC)-g-PEG had an approximate half-life
of9hinserum,suggesting theirutilityfor drug deliverystudiesby
intravenous infusion. There was no strong link between the
stability of micelles and the adsorption of any one of the major
serumproteins;however,increasedproteinconcentrationresulted
in decreased stability. The micelle diameter and population
distribution were unchanged after incubation in BSA, suggesting
minimal BSA adsorption. Moreover, no hemolysis was observed
from the polymeric micellar concentrations tested. These battery
of studies form a framework for anaylsis of other micelles and
together demonstrate that the P(LA-co-TMCC)-g-PEG micelles
have properties desirable for in vivo use as drug delivery vehicles.
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